Introduction
For many, years red light wvas regarded as a safe light under which experimental mani pulations in studies of plant tropisms could be conducted. This practice arose from the finding that light of wavelength greater than 520 m/i did not induce phototropic curvature. During the last few years, however, it has become clear that red light has a marked effect on both phototropic and geotropic responses of plant organs. The changes induced in the phototropic responses of coleoptiles have recently been reviewed by Briggs (9) , and much of the literature describing effects of light on geotropism has been collated by \Wilkins and Goldsmith (18) .
Blaauw (3, 4) has investigated the effects of red anl far-redl light on the geotropic response of the .vZcna. cDleoptile. His the Zca caleoptile xwas decreased. Secondly the increase(l responsiveness to a geotropic stimulus in .47Zc11a was greatest when stimulation began 30 minutes after exl)osure to light and disappeared coipletely if this interval wvas 60 minutes. In Zea the decreased sensitivity (lidi not develop until 6 to 8 hours after the light treatment but then lasted for at least 22 hours. Thirdly, far-red irradiation also elicited the short-lived increase in the sensitivity of the Arenacoleoptile but did not reverse the effect of red light.. In Zea, on the other hand, far-red irradiation alone had no effect on the geotropic responsiveness of the coleoptile but completely reversed the effect of rel light. Since coleoptiles of Azrena are rich in phyto--chrome (A'. R. Briggs, personal communication, and 16) , it is surprising that at least some reversal of the effect of red radiation xvas not observed.
The differences between the reported responses of coleoptiles of Azrcna and Zea to red light seemed sufficiently great to warrant further investigation, since. they might reflect some fundamental differences ill the growth and organization of the 2 tissues. The influence of red light on the geotropic response of theAvena coleoptile has therefore been reinvestigated with respect both to the short-lived effect described by Blaauw (3, 4) and to possible long-term effects. similar to those found by \Wilkins and Goldsmith ( 18) figure 2 together with those for 4 layers each of the du Pont red and blue cellophanes. The transmission of the interference filters has been determined from 380 m~I to 1500 m/i on a Perkin-Elmer recording spectrophotometer. Since the water screen would eliminate 90 % of the transmission at the small first order peak of the 655 m/A filter at 1300 mu, and entirely prevent transmission at the first order peak 
Results
The effect of red light on the geotropic response of the Avtena coleoptile is shown in figure 3 . Samples of coleoptiles were taken from 2 trays ( 0-* and 0-0) of 5-day-old. dark-grown seedlings at intervals before and after 1 of the trays ( 0 0) was exposed to light of wavelength 655 mu for 10 minutes Table III . Relationship between (dose = 6.6 X 10-8 einsteins cm-2). Each sample was placed horizontally for 2 hours beginning immediately after the coleoptiles were excised.
Coleoptiles taken from the 2 trays before 1 was exposed to red light showed closely similar geotropic responses. The curvature of those geotropically stimulated immediately after irradiation, and after an interval of 0.5 hour, was nearly twice that of the unirradiated coleoptiles, but with longer intervals the increased responsiveness declined and disappeared. The enhanced geotropic sensitivity persists only for about 60 minutes after the red-light stimulus.
The data shown in figure 3 were obtained by exposing whole seedlings to red light and excising the coleoptiles immediately before the geotropic response of a sample was determined. In another experiment dark-grown coleoptiles were first excised and mounted in the troughs of agar and then half the number of troughs were exposed to red light for 3 minutes (dose = 7.3 X 10-9 einsteins cm-2). An irradiated and an unirradiated trough were placed on their sides for 2 hours at predetermined times after the exposure to light. (n = 10) * = Standard error of mean. ** n = Number of coleoptiles in sample.
The seedlings were exposed to light before the coleoptiles were excised. On the fourth, fifth, and sixth days the geotropic responses of the unirradiated coleoptiles were similar, as were the increased responses of those exposed to red light for 10 minutes (dose = 6.6 X 10-8 einsteins cm-2). The response of the unirradiated coleoptiles on the seventh day was smaller than on previous (lays but was again increased after exposure to light of wavelength 655 mru. Fivelay-oll seedlings were used in the experiments that follow.
Effect of Prolonged Exposure to Red Light. The loss of the ability of the Azvena coleoptile to give an increased geotropic response approximately 1.5 hours after a few minutes' exposure to light might be attributecl to the restoration of darkness. This possibility was tested by exposing seedlings to continuous red light. After taking preliminary samples to ensure that the geotropic responses of the seedlings in the 2 trays w.ere essentially identical, 1 tray was exposed to continuous irradiation at wavelength 655 m/L and at an intensity of 5.5 X 10-12 einsteins cmn2 sec'. At intervals thereafter samples of coleoptiles were taken from this tray ( 0-0 ) and from one that had been kn2 t in darkness (0-0). Figure 5 shows clearly that the capacity to give an increased geotropic response persists no longer in continuously irradia'ce I seedlings than in those irradiated for only a fev minutes (fig 3, 4 Beginning apprximately 4.5 hours after the first exposure to light, the seedlings were again irradiated (B) anl it is clear from figure 6 that this had no effect upon the ge-otropic responsiveness of the coleoptiles.
Another tray of seedlings which had also been first exposed to and twenty-third hour after irradiation and in this the response of the irradiated coleoptiles is only about one half that of the etiolated controls.
The tray of seedlings that exhibited the depressed geotropic response resulting from the first exposure to red light (A) was subjected to a second identical exposure (C) beginning about 24 hours after the first one ( fig 6) . Again the coleoptiles showed no significant increase in their geotropic response which remained small in comparison with that of the controls. The final operation in this experiment was to expose the remaining unirradiated coleoptiles to red light (D) to check that the absence of response in the previously irradiated seedlings was not attributable to some environmental condition. Figure 6 shows that exposure to red light increased the geotropic response of these coleoptiles in the usual way. the irradiated and etiolated material after 2 and 3 hours' geotropic stimulation was maintained for at least 12 hours.
It must be borne in mind when considering the shape of the curves in figure 11 figure 12 . The familiar pattern of response was observed in the coleoptiles which had been irradiated and kept at 250 (dashed line, solid points). In this experiment the increased geotropic responsiveness disappeared between 1.5 hour and 2.5 hours after the light stimulus-the longest time the effect was observed to persist at room temperature. In contrast, coleoptiles which had been irradiated and then chilled (solid line, solid points) retained the capacity for an enhanced geotropic response for at least 28 hours after the exposure to light.
The response of the etiolated coleoptiles was unaffected by their exposure to low temperature (solid line, open points) which, in addition, had no influence on the reaction of the coleoptiles to irradiation. This is also shown in figure 12 . The remainder of the unirradiated batches of seedlings from which the control samples had been taken throughout the experiment were finally exposed to light for 3 minutes (B) (655 mp, 7.9 x 10-9 einsteins cm-2 (3) found an interval of about 60 minutes to be required between the onset of illumination and geotropic stimulation for the complete disappearance of the increased responsiveness whereas in the present study an interval of about 90 minutes was required. The maximum increase in geotropic curvature reported by Blaauw (3, 4) was somewhat smaller than that reported in the present study. This difference may be due to Blaauw's seedlings not having been grown in total darkness; the dehusked seeds were exposed to orange light for 19 to 20 hours after soaking. In the present paper it is reported that 5-day-old seedlings which have once been exposed to a relatively small dose of red light are incapable of responding to a second exposure. It is not known at present to what extent the ability of seedlings to respond to a second exposure to red light depends upon their age at the first exposure.
In the present study far-red radiation was found not to enhance the geotropic curvature of Avena coleoptiles, even when the dose was 100 times that of red light which just gave the maximum effect. It did, however, reverse the effects of red light, both with respect to the short-term and to the long-term changes in geotropic sensitivity. Blaauw (3) found far-red light to have the same effect as red if the total irradiance at 740 mp was 3 times that at 660 mp, and he could detect no antagonism between the effects of red and far-red light. Accounting for these differences presents great difficulties. It is possible that a little red light was transmitted by the 740 myA filter employed by Blaauw (3) . This would certainly occur if the beam impinging on the filter were not perfectly collimated or if there was an appreciable amount of scattered light in the lamp-housing of the source.
The series of changes induced by red light in the geotropic responsiveness of Zea coleoptiles is closely similar to that induced in Avenza except that phase I (increased responsiveness) does not appear to occur (18) . There is no detectable difference between the responsiveness of the treated and untreated seedlings (luring the 6 hours following exposure to red light. The decreased responsiveness develops between the sixth and eighth hour, increases in magnitude until the sixteenth, and persists until at least the twentysecond hour. The induction of the decreased responsiveness in Zea coleoptiles is also reversed by far-red irradiation (18 (19, 17) . In Zca coleoptiles, 15 seconds' (560 ergs Cm l-2 sec-1) exposure to redl light induces the prolonged, decreased geotropic sensitivity (18) , while the diageotropic rhizomes of A1cgopodium podograria turn doxw-nwards after exposure to weak red light for 30 seconds (2) .
The effects of red light on phototropism heave been the subject of several recent investigations (1, 5, 6, 7, 8, 12, 19, 20 ) . It is of interest to examine whether these effects are in any way related to thle red-light induced changes in geotropism. Thle report of Curry (12) and by Briggs (8) [see Briggs (9) for discussion of these difficulties], and still more so to determine \w-hether either of these have anv relationship to the effects of re(l light on geotropism reported by Blaaux\ (3, 4) , \Wilkins and Goldsmith (18) (8, 9) and in the present study. The maxim1lum1l increase in geotropic curvature is brought about bv 0.1 second's exposure to red light whereas about 1 hour's exposure is required to achliexe the maxiimulmill change in phototrol)ic sensitive ity (8) . Although a series of brief exposures given at 30-minute intervals before phototropic in(luction seem also to be effective (8) The different phases of the effect of red light on the geotropic response of the Avena coleoptile may, therefore, be due to the interaction of several redlight induced changes, each of which reaches a maximum at a different time after the onset of irradiation. The first phase (increased responsiveness) could be due to an increased rate of release of a substance which enhances the sensitivity of the tissue to auxin and which may persist for several hours in the growing zone of the coleoptile. Blaauw-Jansen (5) has extracted such a substance from coleoptiles of Avena which had been exposed to red light. It was found to increase the growth-promoting effects of low auxin concentrations which alone had little effect. The disappearance of phase I may be associated with the lowering of auxin production in the tip. During phase II of the response, the enhanced sensitivity to auxin and lower auxin supply may result in a rate of growth similar to that of unirradiated coleoptiles. With the destruction of the sensitivity enhancing substance, or its transport away from the growing zone of the coleoptile, the lower auxin production may then be manifest in a lower growth rate of the tissue anJ1 the development of a lower geotropic curvature (phase III). Briggs (8) has found, at least in Zea, that auxin production by the tip of the coleoptile increases to its original level about 3 hours after darkness is restored. This finding would imply that the persistence of the decreased geotropic sensitivity (phase III) in Avena and in Zea (18) is the result of a permanent lowering of the sensitivity of the tissue to auxin due, perhaps, to the whole of the available substance which increases the sensitivity of the tissue to auxin having been released from the bound form by the exposure to red light.
The effectiveness of red light (655 muL) and its elimination by far-red radiation (740 min,) indicates that the pigment involved in this response is phytochrome. The data of Hendricks (14) and Butler et al. (11) suggest that the lack of response of the coleoptile to a second exposure to red light may be due to the absence of the pigment. In Zea coleoptiles the amount of red absorbing form of the pigment (Pr) immediately after exposure to red light is very low (14) , most of the pigment being in the far-red absorbing form (Pfr). As time proceeds, however, some Pfr is reconverted to Pr but much of the Pfr is destroyed so that the total amount of phytochrome (now all in the Pr form) after 4 hours in darkness is only about 30 % of that originally present. The comparable data for Avena coleoptiles are not yet available, but if destruction were even more preferential to reconversion in Avena than in Zea, then the level of Pr present several hours after the exposure to red light might be too low for perception of the light stimulus. In addition to this, there may be little or none of the bound form of the postulated auxin sensitivity enhancing substance reformed in 4-day and 5-day-old coleoptiles so that even if the stimulus were weakly perceived, there could be no further release of this substance into the growing zone of the coleoptile.
In conclusion it must be pointed out that, in comimon with several recent studies (3, 4, 5, 7, 8, 9, 12, 18) 
